Aims Prolongation of repolarization dispersion measured from the 12-lead surface ECG has been associated with sudden cardiac death and ventricular tachyarrhythmia in a variety of heart disorders. This study tested the hypothesis that increased repolarization dispersion is of prognostic value in identifying chronic heart failure patients at high risk of sudden cardiac death and ventricular tachyarrhythmia.
Introduction
Despite recent therapeutic advances that improve exercise tolerance and survival, patients with chronic heart failure still have a poor prognosis, with annual mortality rates as high as 50% [l~31 . Death occurs suddenly and unexpectedly without any evidence of recent haemodynamic or functional deterioration in about 35 to 50% of patients with chronic heart failure. The proportion of deaths that are sudden tends to be higher during earlier stages of the disease, i.e. in patients with mild to moderate symptoms of chronic heart failure 141 . Unfortunately, the identification of those chronic heart failure patients who are at increased risk of sudden cardiac death is still an unresolved problem. Attempts have been made lately to separate predictors of pump failure death from predictors of sudden cardiac death. Numerous clinical, haemodynamic, biochemical and electrophysiological variables have been associated with an increased risk of sudden cardiac death. However, these factors also turned out to be risk factors for pump failure death Revision submitted 16 May 1996, and accepted 28 May 1996.
Correspondence: Achim Meissner, MD, Department of Cardiology, University of Kiel, Schittenhelmstr. 12, D-24105 Kiel, Germany. and no parameter has yet emerged, in an unselected large population of chronic heart failure, that proved to be specific for sudden cardiac death' 5 " 91 . The occurrence of malignant ventricular tachyarrhythmias may be instrumental in precipitating sudden death 1 ' 01 . A novel approach that might be useful in this context has been introduced and is described as interlead variability of the QT interval (QT dispersion) in the surface ECG 1 "'. This index reflects regional variations in ventricular repolarization, which presumably represents an electrophysiological substrate for arrhythmias'"" 151 . Dispersion of repolarization has been shown to be increased in patients with primary or secondary QT prolongation'"" 141 as well as in post-myocardial infarction patients' 151 with a high incidence of malignant ventricular tachycardias. Recently, this index has also been tested in a small group of patients with chronic heart failure' 161 : patients who died suddenly had significantly longer QT dispersion than survivors or those who died from progressive pump failure.
The purpose of this study was: first, to apply this novel, uncomplicated and non-invasive method for analysing repolarization dispersion from the standard 12-lead ECG to a large population of chronic heart failure patients with impaired left ventricular function, 0195-668X797/020281+09 SI8.00/0 1997 The European Society of Cardiology as evidenced by an ejection fraction below 40% at left ventricular angiography. Second, to relate the prognostic significance of increased repolarization dispersion to other recognized invasive and non-invasive prognostic variables in chronic heart failure patients.
Patients and methods

Patients
The study population consisted of 163 consecutive patients with impaired left ventricular function hospitalized in our clinic between January 1990 and November 1992. All patients suffered from clinically symptomatic heart failure and were referred to the hospital for further evaluation. Right and left heart diagnostic catheterization was performed in all patients at study entrance.
Patients were eligible for the study if they met the following criteria: (1) symptoms of exercise intolerance of >3 months duration (NYHA class Il-IV); (2) left ventricular ejection fraction <40% at left ventricular angiography; (3) chronic heart failure caused by ischaemic or idiopathic dilated cardiomyopathy. The influence of left ventricular ejection fraction on survival has been found to be non-linear in the V-HeFT studies with a modest effect on mortality up to a left ventricular ejection fraction of 40%
[l?1 . Based upon this finding and in accordance with a large multicentre trial on mortality and left ventricular dysfunction (SAVE trial' 181 ), a left ventricular ejection fraction <40% was selected for this study. Patients were classified as having idiopathic dilated cardiomyopathy if normal coronary arteries were demonstrated at coronary angiography. Exclusion criteria were as follows: acute myocardial infarction within the previous 3 months, primary valvular heart disease, primary pulmonary disease, heart failure due to primary or secondary hypertension or hypertrophic cardiomyopathy, absence of sinus rhythm, a 12-lead surface ECG of inadequate quality for QT-interval analysis, a 12-lead surface ECG which was only available after initiation of therapy with class la or III antiarrhythmic agents, and previous documentation of spontaneous, symptomatic, sustained ventricular tachycardia. Patients with bundle branch block or intraventricular conduction delay were not excluded from the study. In addition, 20 sex-and age-matched healthy subjects were included as controls. All of them had atypical chest pain with a negative exercise test, a normal echocardiographic examination, normal coronary arteries at coronary angiography and a normal left ventricular systolic function with left ventricular ejection fraction >65% at left ventricular angiography.
ECG interval measurements
Standard 12-lead surface ECGs were recorded at study entrance with a six-channel electrocardiography recorder (Siemens Co., Model SICARD 440) at a paper speed of 50mm. s~' and amplifier gain of lOmm.mV" 1 . All ECGs were examined by one observer blinded to the clinical status and follow-up results. Measurements of QT, JT and RR intervals were performed manually. The QT interval was measured from the onset of the QRS complex to the end of the T wave at the level of the TP isoelectric baseline. Biphasic T waves were measured to the time of final return to the baseline. If U waves were present, the QT interval was measured to the nadir of the curve between the T and U waves. The JT interval was measured from the end of the QRS complex -defined as its return to the TP isoelectric baseline (J-point) -to the end of the T wave as defined previously. Whenever possible, an average of three or two consecutive cycles for each lead was obtained. Extra-and postextrasystolic cycles were excluded from measurement. If the end of the T wave could not be reliably determined or when the T waves were isoelectric or of very low amplitude, QT or JT interval measurements were not made and these leads were excluded from analysis. In order to get reasonably standardized sets of electrocardiographic leads'
191
, a lower limit of 8 or more technically adequate measurable leads per ECG was set for inclusion into the study. Heart rate-corrected QT and JT intervals (QTc and JTc) were calculated by Bazett's formula (QTc=QT/RR~ 1/2 ) f20] . Repolarization dispersion was determined by using two different indexes: (1) the difference between maximum and minimum QT/JT intervals in each ECG (dispersion, -d) and termed QT-d, QTc-d, JT-d and JTc-d, respectively; (2) the coefficient of variation of the QT/JT interval in each ECG (standard deviation divided by mean x 100) (relative dispersion, -rd) and termed QT-rd, QTc-rd, JT-rd and JTc-rd, respectively.
Invasive and non-invasive evaluation
Haemodynamic and left ventricular functional analysis was obtained by right and left heart catheterization. Cardiac output and cardiac index were calculated according to the Fick principle. Left ventricular ejection fraction, left ventricular end-diastolic volume index and left ventricular end-systolic volume index were calculated from ventriculograms using the area length method and by correcting the 30° right anterior oblique projection. Ventricular arrhythmias were quantified by 24-h Holter ECG and classified according to the Lown classification system. Only those patients with a Lown class IVa, IVb, and V arrhythmia were considered to have complex ventricular premature contractions.
Follow-up
All patients were followed up either in the outpatients' department or by letters and calls to the patients' family doctors. If necessary, patients or relatives were contacted directly. At the end of the observation period on 30 September 1994, a follow-up rate of 100% was accomplished. At this point, all the patients were subdivided according to their history into three major categories: survival, death, and spontaneous, symptomatic, sustained ventricular tachyarrhythmias (ventricular tachyarrhythmia). In the case of death, details on the circumstances were obtained by interviewing medical personnel or family members. Causes of death were classified as: (1) sudden, occurring abruptly within minutes or during sleep in the absence of increasing angina or deteriorating heart failure; (2) pump failure, occurring during progressively worsening symptoms of heart failure even if the terminal episode was an arrhythmia; (3) myocardial infarction: occurring in the immediate context of acute myocardial infarction; (4) noncardiovascular' 21 -22 '.
Statistical analysis
Statistical analyses were performed with the SPSS statistic program package. Results are reported as means ± SD. Significance of difference between the means of several subgroups was determined by one-way analysis of variance followed by a two-tailed unpaired Student's t-test. Values were considered statistically significant at / ) <005. The multivariate Cox's proportionalhazards regression model' 23 ' was used to assess the independent contribution of selected variables on survival. Survival curves were calculated using the KaplanMeier method' 24 '. Comparison of curves was by univariate Log-rank statistics' 25 '. Continuous variables were divided into two categories, with the dichotomizing point chosen according to previously suggested levels from the literature, or the point of optimum trade-off between sensitivity and specificity in receiver-operator characteristic curves. The predictive accuracy of prognostic variables was evaluated by using the following definitions: 
Results
Patients
A total of 163 patients with chronic heart failure and 20 sex-and age-matched normal controls were included into the study. Baseline characteristics are reported in Table 1 . During a mean follow-up period of 26 ± 15 months, 49 patients died of primary cardiac events. Twenty-four patients (49%) died suddenly, 19 (39%) died of terminal pump failure, and six (12%) died of acute myocardial infarction. Four patients died from noncardiac causes (one lung carcinoma, one chronic renal failure, one rupture of abdominal aortic aneurysm, one suicide). Six patients underwent heart transplantation. Ten patients experienced spontaneous, symptomatic, sustained ventricular tachyarrhythmia (two sustained monomorphic ventricular tachycardia, seven primary ventricular fibrillation and one torsade de pointes). Among the 10 ventricular tachyarrythmia patients, three underwent heart transplantation, four received an automatic implantable cardioverter-defibrillator and three received class III antiarrhythmic agents (two sotalol, one amiodarone). In summary, 34 patients met endpoint events (24 sudden cardiac death and 10 ventricular tachyarrythmia), 25 patients died from other causes of cardiac death (19 pump failure death and six deaths from acute myocardial infarction), and the remaining 97 patients were survivors without cardiac events.
Haemodynamic and functional variables in chronic heart failure patients
A comparison of invasive haemodynamic and functional variables in relation to clinical outcome during longterm follow-up is shown in Table 2 . Patients with chronic heart failure who died suddenly or experienced ventricular tachyarrhythmia had a significantly lower mean aortic pressure and left ventricular ejection fraction, and a higher left ventricular end-diastolic volume index than survivors. All other variables including right atrial pressure, pulmonary artery pressure, pulmonary capillary wedge pressure and cardiac output were not significantly different between the two groups. Patients with chronic heart failure who died from other causes of cardiac death had a significantly higher right atrial pressure and pulmonary capillary wedge pressure but lower mean aortic pressure and left ventricular ejection fraction than survivors. However, there were no significant differences with regard to haemodynamic and functional variables between the endpoint events and other causes of cardiac death group (Table 2) . These results indicate that mechanical parameters of global ventricular function such as left ventricular ejection fraction and mean aortic pressure were related to the overall incidence of all cardiac events but could not identify those patients at risk of sudden cardiac death and ventricular tachyarrhythmia.
In 137 patients Holter monitoring ECG data were available. Among these patients, 75 (52%) exhibited couplets, ventricular runs or early cycle ventricular prematures which were summarized as complex ventricular premature contractions. As shown in Fig. l(b) and Table 2 , the mode of death during long-term follow-up was found to be unrelated to the incidence of complex ventricular premature contractions in this study.
Repolarization dispersion in chronic heart failure patients
Chronic heart failure patients presented longer QT, QTc, and JTc intervals than normal controls (Table 3 ). In addition, chronic heart failure patients had significantly larger repolarization dispersions measured with either one of the two indexes (QT, JT) than the control group (Table 3) . In striking contrast to haemodynamic variables, repolarization dispersion exhibited major differences between chronic heart failure patients who died suddenly or experienced spontaneous ventricular tachyarrhythmia (endpoint events group) and those who died of other cardiac causes: QT-d, QTc-d, JT-d, and JTc-d were significantly larger in the endpoint events group (Table 3) . In parallel, the relative dispersions of QT, QTc, JT and JTc were significantly longer in chronic heart failure patients who died suddenly or experienced ventricular tachyarrhythmia than in those patients who died from progressive pump failure or myocardial infarction. Surprisingly, repolarization dispersion was remarkably similar in survivors and in patients who died from other causes of cardiac death (Table 3 ). An attempt was also made to correlate parameters of repolarization dispersion and haemodynamic variables in chronic heart failure patients. There were only poor linear correlations between left ventricular ejection fraction and JTc-d (r= -0-25) and between mean aortic pressure and JTc-d (r= -0-29). This suggests an at least partially independent functional basis for these pathophysiological phenomena.
Independent predictors of survival
In order to investigate the prognostic value of clinical, haemodynamic and ECG parameters both univariate and multivariate analyses were performed. The independent contribution of selected variables from univariate analysis to the risk of meeting end-point events was evaluated in several models of multivariate Cox's proportional hazard analysis. The variables were entered stepwise in the order of decreasing F values as determined in the univariate analysis. Separate Cox's models were built for the endpoint events group, the other causes of cardiac death group and the all-cardiac events group (Table 4) . Cox's model identified three repolarization parameters (JTc-d, QT-rd and JT-rd) and one haemodynamic parameter (mean aortic pressure) as important determinants for the endpoint events group. JTc-d = Bazett's formula corrected JT-interval dispersion; QTrd =QT-interval related dispersion; AOPm = mean aortic pressure; JT-rd = JT-interval related dispersion; AOPm = mean aortic pressure; PCWP=pulmonary capillary wedge pressure; PAPm = mean pulmonary artery pressure; MID = myocardial infarction death; VTA = ventricular tachyarrhythmia; PFD=pump failure death.
The final model selected JTc-d as the most powerful prognostic factor Of 2 = 8-31; 7><0006) followed by QT-rd (,/ 2 = 302; / > <001) and mean aortic pressure (/ 2 =4-90; / > <0023) for endpoint events. Table 5 shows the accuracy of several dichotomized prognostic factors in predicting endpoint events. The points chosen to dichotomize the continuous variables have been previously suggested (left ventricular ejection fraction: 25%; mean aortic pressure: 90 mmHg; QTmax: 450 ms) or determined at the point of optimum trade-off sensitivity and specificity in receiver-operatorcurves. In this way, JTc-d was confirmed as the most powerful predictor with values >85 ms yielding the highest sensitivity (94%), specificity (92%) and relative risk (8-4) for endpoint events.
Survival analysis
Kaplan-Meier tests were used for survival analysis with regard to several prognostic variables. Again, increased repolarization dispersion parameters turned out to be the most powerful positive risk factors for endpoint events in chronic heart failure patients (Fig. l(a) ; Table  6 ). The cumulative sudden death and ventricular tachyarrhythmia free survival at 1, 2, 3 and 4 years were 990, 990, 99-6 and 996% in patients with JTc-d <85 ms. In contrast, the numbers were only 68-2, 530, 30-8 and 21-6% in patients with JTc-d >85 ms. Conventional functional parameters, such as left ventricular ejection fraction or complex ventricular arrhythmias on Holter monitoring ECG, turned out to be insensitive prognostic parameters for endpoint events (Fig. l(b) ).
Discussion
The findings of the present study demonstrate that analysis of repolarization dispersion in the 12-lead surface ECG is a useful and specific clinical tool for identifying chronic heart failure patients who are at high risk for sudden cardiac death and spontaneous sustained ventricular tachyarrythmias. Repolarization dispersion was significantly increased in the total group of chronic heart failure patients when compared to normal controls. In the two sub-groups of surviving patients and those who died from pump failure or myocardial infarction during follow-up, repolarization dispersion was hardly different from that of normal controls. In contrast, those patients who died suddenly or experienced sustained ventricular tachyarrhythmias had markedly increased repolarization dispersion at study entrance.
Dispersion parameters and ventricular tachyarrhythmia
Regional variation of the QT interval was recognized by Wilson et al. l26] from the beginnings of ECG recording, although the biological significance of this phenomenon has only recently been tested. Abnormalities of action potential duration and after-depolarizations may induce regional variations in excitability and refractoriness in heart disease'
271
. Non-homogeneous conduction and/or non-homogeneous refractoriness, in turn, are considered as prerequisites of reentry mechanisms'
281
. Myocytes from failing human hearts demonstrate a significantly prolonged action potential which predisposes to lability of the repolarization process' 291 . The autonomous nervous system might be an additional factor. Sympathetic innervation in cardiomyopathy patients has been found to be heterogeneous and seems to be related to inhomogeneous refractoriness' 30 '. Differences in repolarization, as assessed by dispersion of endocardial monophasic action potential duration or body surface potential mapping, can be documented in patients with the primary or secondary long QT syndrome who experience torsade de pointes or polymorphic ventricular tachycardia' 31>32 '. Because of either the invasive nature of the monophasic action potential recording or the complexities inherent to the practical application of body surface mapping, these techniques are of only limited value for daily clinical use.
Recently, Day et a/.'" 1 suggested that the dispersion of the QT interval, defined as the difference between the maximum and the minimum of the QT intervals measured in any of the 12 ECG leads, might be a reliable index of the pattern of repolarization in the heart. Patients with an arrhythmogenic long QT syndrome demonstrate dramatically prolonged QTc dispersion'"" 13 '. Successful treatment with beta-blockers, as evidenced by prevention of syncope or cardiac arrest, is associated with normal QT dispersion, while patients with recurrent life-threatening arrhythmias despite betablocker therapy continue to have a markedly increased QT dispersion' 
QT dispersion in heart failure
In patients with chronic heart failure, sudden cardiac death is believed to be one of the major causes of death and to be presaged by arrhythmias in 90% of all such events' 31 . Regional dispersion of repolarization may, as mentioned above, be arrhythmogenic, creating conditions that support or permit the propagation of an after-depolarization-triggered arrhythmia' 91 . A recent report in a small group of heart failure patients suggested that prolongation of QT dispersion might be a marker of electrical instability and increased risk of sudden death' 151 . Our study shows that increased repolarization dispersion is strongly and significantly associated with the occurrence of subsequent sudden cardiac death and spontaneous sustained ventricular tachyarrhythmia in patients with chronic heart failure. More than a quarter of all chronic heart failure patients presented with a JTc-d exceeding 85 ms at study entrance, and 76% (32/42) of them died suddenly or experienced ventricular tachyarrhythmia during 28-6 ± 15 months of follow-up. Both univariate and multivariate Cox's analysis confirmed that repolarization dispersion was the most powerful, specific and independent prognostic factor associated with subsequent sudden death and ventricular tachyarrhythmia.
Prognostic indicators in heart failure
Various other haemodynamic and functional parameters reflecting abnormal left ventricular function have been Eur Heart J, Vol. 18, February 1997 advocated as predictors of mortality in chronic heart failure patients. Left ventricular ejection fraction, cardiac index, mean aortic pressure, left ventricular enddiastolic volume, left ventricular filling pressure, pulmonary artery pressure and right atrial pressure have been reported to be associated with all-cause cardiac mortality 16 " 91 . Indeed, most of these parameters were included as predictors of endpoint events by univariate analysis in this study. Cox's multivariate analysis identified mean aortic pressure as weakly associated Gf 2 =4-90; / } <0023) with sudden cardiac death and ventricular tachyarrhythmia in our patients, whereas a strong association was found with all-cause cardiac mortality (Table 4) .
Ventricular arrhythmias are commonly observed in patients with chronic heart failure, having a prevalence of up to 80% [3 -9] . Unlike patients with recent myocardial infarction and ventricular dysfunction who demonstrate a clear association between ventricular ectopy and the risk of sudden death' 31 , the prognostic significance of ectopy in chronic heart failure patients is unclear. Some studies suggested that the presence of ventricular arrhythmias in patients with chronic heart failure might be predictive of sudden death, while others interpret its presence merely as a marker of severity of the underlying disease, and thus as an indication of increased risk for all-cardiac mortality rather than a specific arrhythmic state' 3 
Functional basis of sudden cardiac death
Although sudden cardiac death has often been assumed to be a phenomenon characteristic of coronary heart disease and is frequently attributed to ischaemic episodes' 3 ', the incidence of sudden cardiac death in chronic heart failure patients has been found to be similar in patients with and without coronary heart disease' 3481 . It has been suggested that arrhythmic events appear to be a manifestation of left ventricular dysfunction and are not necessarily related to the aetiology of the disease as no difference in terms of sudden death and arrhythmic events could be found in patients with chronic heart failure secondary to ischaemic heart disease vs idiopathic cardiomyopathy' 8 '. In accordance with these reports, our study found no difference in the incidence of sudden cardiac death and ventricular tachyarrhythmia between chronic heart failure patients with/without coronary heart disease. Interestingly, a very weak correlation between left ventricular functional parameters (left ventricular ejection fraction, mean aortic pressure) and repolarization dispersion (JTc-d) has been described earlier' 331 and was confirmed in this study. However, with correlation coefficients around -0-3, the functional basis of increased repolarization dispersion appeared to be not directly related to impaired left ventricular mechanical function. The underlying mechanism of arrhythmogenesis in ischaemic and nonischaemic heart failure are still incompletely understood and might involve a complex set of pathogenic factors'
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. Further experimental work will be necessary to evaluate the pathophysiological significance of inhomogeneous repolarization as a 'common pathway' in this context.
Limitations of the study
The patients in this study were recruited retrospectively according to a fixed set of inclusion criteria. However, all ECG and haemodynamic analyses were performed prior to receiving information about the patients' follow-up status. The ECGs were recorded on a sixchannel recorder (paper speed 5 0 m m . s~' , amplifier gain 10 mm . mV~') and read manually according to a strict protocol. Despite the pitfalls of manual analysis, this approach has been accepted as the most accurate for manual measurement of QT intervals'
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. Finally, a prospective study is desirable to validate the clinical usefulness of QT interval dispersion in patients at risk of sudden cardiac death.
Conclusion
The present study confirmed that the analysis of repolarization dispersion from the 12-lead surface ECG is an important approach with which to identify chronic heart failure patients who are at high risk of sudden death and spontaneous sustained ventricular arrhythmias. Using this non-invasive tool, clinical cardiologists might be able to separate patients at high risk of sudden cardiac death from those threatened by pump failure death and recurrent myocardial infarction. Therefore, repolarization dispersion might become a valuable instrument for the rational therapeutic management of chronic heart failure patients.
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